Snakehead fish vesiculovirus (SHVV), a member of the family Rhabdoviridae, has caused mass mortality in snakehead fish culture in China. Previous transcriptomic sequencing of SHVV-infected and non-infected striped snakehead fish cells (SSN-1) showed that glutaminase (GLS), the critical enzyme of glutamine metabolism, was upregulated upon SHVV infection. It therefore drew our attention to investigating the role of glutamine in SHVV propagation. Glutamine deprivation significantly reduced the expression of the mRNAs and proteins of SHVV, and the production of virus particles, indicating that glutamine was required for SHVV propagation. Glutamine can be converted to glutamate by GLS, and then be converted to a-ketoglutarate, to join in the tricarboxylic acid (TCA) cycle. Addition of the TCA cycle intermediate a-ketoglutarate, oxaloacetic acid or pyruvate significantly restored SHVV propagation, indicating that the requirement of glutamine for SHVV propagation was due to its replenishment of the TCA cycle. Inhibiting the activity of GLS in SSN-1 cells by an inhibitor, bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide, decreased SHVV propagation, while overexpression of GLS increased SHVV propagation. Taken together, our data have revealed the relationship between glutamine metabolism and SHVV propagation.
INTRODUCTION
Glucose and glutamine are the two most abundant nutrients in organisms and play an important role as both carbon and nitrogen sources for the synthesis of other amino acids, lipids and proteins (Shabert & Wilmore, 1996; Curi et al., 2005; DeBerardinis et al., 2007; Edinger & Thompson, 2002; Newsholme et al., 1985; Hammerman et al., 2004) . Normally, glucose is considered essential for mammalian cells due to its supplementation of energy and carbon sources through glycolysis and the tricarboxylic acid (TCA) cycle. However, when glucose is directed away from the TCA cycle, such as in some cancer cells, glutamine can be used to replenish the TCA cycle (Kim & Dang, 2006; Tennant et al., 2010; Wise & Thompson, 2010; DeBerardinis et al., 2008; Wise et al., 2008) . Furthermore, glutamine starvation in many normal cells has little impact on cell viability, while it can induce cell death in cancer cells that overexpress the oncogene c-myc (Yuneva et al., 2007) . Glutamine is converted to glutamate, catalysed by glutaminase (GLS), and is further metabolized to a-ketoglutarate (a-KG) to join in the TCA cycle. It has been previously reported that glutamine was required for the propagation of several DNA viruses, including for human cytomegalovirus (HCMV) and vaccinia virus (VACV) propagation (Chambers et al., 2010; Fontaine et al., 2014) . However, whether glutamine is also required for the propagation of RNA viruses and animal viruses is still unknown.
Rhabdoviruses can infect various hosts, such as plants, insects, fish and mammals, and can cause serious diseases of the infected hosts (Lyles & Rupprecht, 2006; Kuzmin et al., 2009) . Members of the family Rhabdoviridae, such as infectious hematopoietic necrosis virus, viral hemorrhagic septicemia virus, spring viraemia of carp virus, Siniperca chuatsi rhabdovirus and snakehead fish vesiculovirus (SHVV), have caused serious diseases in a wide variety of species in aquaculture (Betts et al., 2003; Crane & Hyatt, 2011; McFee, 2007) . Therefore, understanding the relationship between host cell metabolism and SHVV replication will be helpful in illuminating the utility of host cell metabolism for other rhabdoviruses. SHVV was isolated in 2014 from a diseased hybrid snakehead fish from a farm in Guangdong Province, PR China (Liu et al., 2015) . This virus has caused mass mortality in snakehead fish culture in China. SHVV belongs to the genus Vesiculovirus, family Rhabdoviridae. The genome of SHVV consists of a negative-sense ssRNA encoding five viral structural proteins, nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and polymerase (L) (Lyles & Rupprecht, 2006) . SHVV grows well in complete medium in SSN-1 cells (Liu et al., 2015) , but not in zebrafish cells (ZF4) . In this study, the viability of SSN-1 cells was dramatically decreased in glucose-free medium, but not in glutamine-free medium. Based on this observation, we further investigated the relationship between glutamine metabolism and SHVV propagation. Overexpression of GLS or inhibition of the activity of GLS indicated that glutamine is required for SHVV propagation via replenishment of the TCA cycle.
RESULTS
Glutamine is not essential for the viability of SSN-1 cells but is required for SHVV propagation Glucose and glutamine are the two primary sources of carbon for biosynthesis in organisms. To investigate whether glucose and glutamine are essential for the growth of SSN-1 cells, cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) without glucose or glutamine for 72 h. The results showed that the cellular viability in glucose-or glutaminefree medium was about 25 % and 94 %, respectively, compared with that in complete medium, indicating that glucose but not glutamine is essential for the growth of SSN-1 cells ( Fig. 1a ). Subsequently, we investigated the necessity of glutamine for SHVV propagation in SSN-1 cells. SHVV-infected SSN-1 cells were cultured in glutamine-free or complete medium for 24 h. The mRNA level of the SHVV N gene and virus titre were then determined using quantitative real-time reverse transcription PCR (qRT-PCR) and TCID 50 , respectively. The results showed that lack of glutamine reduced the mRNA level of the SHVV N gene and virus titre to 10 % and 30 %, respectively, compared to the results for complete medium (Fig. 1b, c) , indicating that glutamine is required for SHVV propagation.
Glutamine is required for SHVV propagation due to its involvement in the TCA cycle
To determine whether SHVV propagation in SSN-1 cells required glutamine to maintain the TCA cycle, SSN-1 cells infected with SHVV at an m.o.i. of 1 were cultured in glutamine-free medium supplemented with one of the three intermediates of the TCA cycle ( Fig. 2a ), a-KG, oxaloacetic acid (OAA) and pyruvate, for 24 h. qRT-PCR, Western blot and TCID 50 were then used to determine the mRNA level of the SHVV N gene, the protein level of the SHVV N protein and viral titres, respectively. The results showed that adding a-KG, OAA or pyruvate increased the mRNA level, protein level and viral titres to more than 80 % of the levels in complete medium ( Fig. 2b-d ), indicating that glutamine is required for SHVV propagation due to its involvement in the TCA cycle.
Inhibition of the activity of GLS on SHVV propagation
GLS is an important enzyme that can convert glutamine to glutamate to enter into the TCA cycle ( Fig. 2a ). SSN-1 cells infected with SHVV at an m.o.i. of 1 were cultured in complete medium supplemented with or without a GLS inhibitor, bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES), for 24 h to evaluate the effect of BPTES on SHVV propagation. The results showed that the expression of GLS was not significantly affected by BPTES ( Fig. 3b ), whereas the mRNA and protein levels of the SHVV N gene were reduced to 18 % and 42 %, respectively, compared to those in complete medium (Fig 3a, b ). In addition, the virus titres were decreased to 36 % compared to that in complete medium ( Fig. 3c ).
To determine whether adding the intermediate a-KG would restore SHVV propagation, SSN-1 cells infected with SHVV at an m.o.i. of 1 were cultured in complete medium supplemented with BPTES and a-KG for 24 h. The results showed that supplementation with a-KG restored the mRNA and protein levels of the SHVV N gene to almost 80 % and 90 %, respectively, and the virus titre to 60 %, compared to the levels in complete medium ( Fig. 3 ).
Effects of overexpression of GLS on SHVV propagation
To further determine the function of GLS and the role of glutamine in the TCA cycle, plasmid pEYFP-GLS, expressing enhanced yellow fluorescent protein (EYFP)-fused GLS protein, was transfected into SSN-1 cells for 24 h, followed by the infection with SHVV at an m.o.i. of 1 for 24 h. The empty vector pEYFP was used as a control. The GLS protein level in pEYFP-GLS transfected cells was about three times than that in pEYFP transfected cells (Fig. 4b) . The overexpression of GLS increased the mRNA and protein levels of the SHVV N gene 2.1 and 2.67 times, respectively (Fig. 4a,  b ), and the virus titre increased 1.8 times, compared to the levels in complete medium (Fig. 4c ). All the data above indicated that the catalysis of glutamine to glutamate by GLS is important for SHVV propagation.
DISCUSSION
Glucose and glutamine are the two most abundant nutrients for providing energy and macromolecules in cells. Glucose is considered essential for the viability of mammalian cells. Its deprivation kills human diploid fibroblast cells in a way different from apoptosis (Yuneva et al., 2007) . In this study, the viability of a fish cell line, SSN-1, was dramatically reduced when it was cultured in glucose-free medium (Fig. 1a) , indicating that glucose is essential for not only mammalian cells but also fish cells. Glutamine was classified as a nonessential amino acid because it can be synthesized in most tissues (Shabert & Wilmore, 1996) . In the presence of 14 C-labelled glutamine in human cells, only 5 % of glutamine flowing through the TCA cycle was incorporated into fatty acids, and 15 % of the glutamine carbon taken up by the cell was incorporated into proteins (Wise et al., 2008) .
In glutamine-free medium, the viability of SSN-1 cells was similar to that in complete medium, indicating that glutamine was not as essential as glucose for the survival of SSN-1 cells (Fig. 1a ). Nevertheless, deprivation of glutamine in SSN-1 cells resulted in an enormous decrease of SHVV propagation (Fig. 1b, c) , indicating that SHVV propagation requires glutamine consumption.
Viruses require macromolecular precursors and energy from host cell metabolism for their successful propagation. Normally, glucose is considered the main contributor of cellular ATP via glycolysis and the TCA cycle. Many viruses have been reported to activate glycolysis, including herpes simplex virus-1 (Vastag et al., 2011) , hepatitis C virus (Diamond et al., 2010) and Kaposi's sarcoma-associated herpesvirus (Delgado et al., 2012) , suggesting a critical role of glucose during virus infection. Furthermore, another important nutrient, glutamine, has also been recently reported to be essential for the propagation of two DNA viruses, HCMV and VACV (Chambers et al., 2010; Fontaine et al., 2014) . In this study, we investigated the necessity of glutamine for the propagation of an RNA virus, SHVV, in SSN-1 cells by detecting the viral titres, and mRNA and protein levels of the SHVV N gene. It has been shown that N protein is the most abundant viral protein of rhabdoviruses, and it plays an important role in the transcriptional regulation in the virus life cycle. It can bind to viral RNA together with viral phosphoprotein and viral RNA-dependent RNA polymerase to form a transcriptionreplication complex (Zuxun, 1997 (Zuxun, , 1998 . In SSN-1 cells supplemented with glutamine-free medium, the mRNA and protein levels as well as virus titres of SHVV were significantly decreased (Fig. 2) , indicating that at least the transcriptional process of SHVV replication was impaired without glutamine. This observation was quite different from the replication of VACV, for which the translational but not transcriptional process was impaired (Fontaine et al., 2014) . It tempts us to speculate that the different effects of glutamine on the transcription of SHVV and VACV might be due to the different transcriptional processes between SHVV (an RNA virus) and VACV (a DNA virus). A DNA virus uses DNA-dependent RNA polymerase to complete its transcription, while an RNA virus employs its own RNA-dependent RNA polymerase for its transcription.
Glutamine can be converted to glutamate via glutaminolysis and then be converted to a-KG to join in the TCA cycle ( Fig. 2a ). Adding the TCA intermediates a-KG, OAA or pyruvate into the glutamine-free medium can restore the propagation of HCMV to more than 80 % of that in complete medium (Chambers et al., 2010) , while the propagation of VACV was increased from about 5 % in glutamine-free medium to 40 %-60 % in glutamine-free medium supplemented with a-KG, OAA or pyruvate (Fontaine et al., 2014) . It suggests that glutamine addiction is due to glutamine's role in anaplerosis of the TCA cycle, but not as the source of nitrogen for the maintenance of the nonessential amino acid production because a-KG is devoid of nitrogen groups (Wise et al., 2008) . Consistent with the observation for HCMV, addition of a-KG, OAA or pyruvate can also restore the propagation of SHVV to more than 80 % of that in complete medium (Fig. 2b, c) . Generally, pyruvate produced from glucose goes through the TCA cycle to generate citrate, citrate can be transferred from the mitochondrion into the cytoplasm, where it is converted into acetyl coenzyme A and OAA (DeBerardinis et al., 2007 Wise et al., 2008) , while cells infected by HCMV can derive pyruvate from glutamine and OAA can be returned to pyruvate by phosphoenolpyruvate carboxykinase or malic enzyme (Chambers et al., 2010) . Above all, it indicated that virus propagation needs the involvement of glutamine for anaplerosis of the TCA cycle.
The transcriptome sequencing of SSN-1 cells with or without SHVV infection revealed that the GLS was upregulated in the presence of SHVV (Fig. S1 , available in the online Supplementary Material) , indicating that the glutamine metabolic pathway was altered upon SHVV infection. The mitochondrial enzyme GLS catalyses the conversion of glutamine to glutamate. Increased expression of GLS is often observed in tumour and rapidly dividing cells (Lu et al., 2010) . The conversion of glutamine to glutamate then to a-KG for replenishment of the TCA cycle is critical for cancer cell growth. In virus-infected cells, the conversion of glutamine to glutamate is also important for virus propagation, as the addition of GLS inhibitor BPTES impaired the propagation of VACV. Adding BPTES also impaired SHVV propagation ( Fig. 3) through inhibiting the activity of GLS (Shukla et al., 2012) , but not reducing the expression level of GLS (Fig. 3 ). In addition, overexpression of GLS facilitated SHVV propagation (Fig. 4) . All the data demonstrated that glutamine is required for SHVV propagation via replenishment of the TCA cycle.
This study about metabolic pathways that are required for the replication of SHVV contributes to the innovation of future therapeutic avenues based on metabolic inhibitors to target viruses. It has been reported that acivicin and azaserine, two competitive antagonists of enzymes in glutamine metabolism, could block the glutamine metabolism and be used for tumour treatment (Dang, 2012) . Therefore, these kinds of antagonists might be attractive candidates that can be used for viral disease therapy in the future.
METHODS
Virus and cells. SHVV was isolated from diseased hybrid snakehead fish from a farm in Guangdong Province, China, and stored in our laboratory (Liu et al., 2015) . SSN-1 cells were kindly provided by Dr Hong Liu from Shenzhen Animal and Plant Inspection and Quarantine Technology Center (Shenzhen, China) and were propagated and maintained at 25 C in MEM (minimal essential medium) (GIBCO) with 10 % FBS (GIBCO).
Reagents and antibodies. DMEM medium lacking D-glucose, L-glutamine, sodium pyruvate and phenol red was purchased from Invitrogen, and was used as glucose-and glutamine-free medium. The complete medium was prepared by adding 1 g D-glucose l À1 and 2 mM L-glutamine into that glucose-and glutamine-free medium (Fontaine et al., 2014) . The glutamine-free medium was prepared by adding 1 g D-glucose l À1 into the glucose-and glutamine-free medium. The glucose-free medium was prepared by adding 2 mM L-glutamine into the glucose-and glutamine-free medium. a-KG, OAA and pyruvate were purchased from Sigma-Aldrich. BPTES was obtained from
Sigma-Aldrich and solubilized in DMSO to a stock concentration of 10 mM. Additional dilutions of BPTES were made in ethanol and used at the indicated final concentrations (Fontaine et al., 2014) . The antibodies against GLS or the SHVV N protein were made and stored in our laboratory. The antibody against b-actin was purchased from Bioss Biotechnology. The secondary antibody, donkey anti-rabbit IgG antibody, was purchased from Gene (China).
Cell viability assays. The analysis of the viability of SSN-1 cells in complete medium, glutamine-free medium or glucose-free medium was performed using the Cell Titer 96 aqueous one solution cell proliferation assay (MTS assay; Promega) according to the manufacturer's instructions. The cell viability was determined by recording the A 490 in an ELISA microplate reader (Infinite M200 Pro; Tecan), and the complete medium was used as a control.
Glutamine starvation effects on SHVV propagation. SSN-1 cells were incubated with SHVV at an m.o.i. of 1 for 2 h. The cells were washed with PBS twice and then fed with complete medium or glutamine-free medium for 24 h. The virus mRNA in SHVV-infected cells was determined using qRT-PCR, and the virus titre in the supernatant was measured by TCID 50 .
BPTES treatment and overexpression of GLS. SSN-1 cells were incubated with SHVV at an m.o.i. of 1 for 2 h and then fed with complete medium with or without 10 µM BPTES for 24 h. The virus mRNA and proteins in SHVV-infected cells were determined using qRT-PCR and Western blot, and the virus titre in the supernatant was measured by TCID 50 .
SSN-1 cells in 12 plates were transfected with 4 µg plasmid expressing EYFP-tagged GLS by the Gemini Twin Waveform electroporation system (BTX). The cells were cultured at 25 C for 24 h and then infected with SHVV at an m.o.i. of 1 for 24 h. The virus mRNA and proteins in SHVV-infected cells were determined using qRT-PCR and Western blot, and the virus titre in the supernatant was measured by TCID 50 .
Quantitative real-time reverse transcription PCR. qRT-PCR was performed using a LightCycler480 system (Hoffmann-La Roche). All reactions were carried out in triplicate. Dissociation curve analysis was performed after each assay to determine target specificity. b-Actin was used as the internal control. qRT-PCR was performed using the double standard quantitative method (Tang & Jia, 2008) to detect the N gene of SHVV and b-actin. We constructed two plasmids, pTOPO-N and pTOPO-b-actin, to use in the generation of a standard curve. We made a standard curve for the N gene (Y=À3.422x+44.17 R 2 =0.998) and b-actin (Y=À3.578x+32.79 R 2 =0.996), and the copies of the N gene were calculated with the standard curve. The primers used are listed in Table 1 .
Western blot analysis. Samples were separated by SDS-PAGE (12 % polyacrylamide gels) and then transferred onto a nitrocellulose membrane (Biosharp). The membrane was blocked at room temperature using 5 % skimmed milk for 1 h and then incubated with a primary antibody for 2 h at room temperature. After washing three times with TBST (20mM Tris-Hcl, 150mM Nacl and 0.05% (V/V) Tween 20), the membrane was incubated with a secondary antibody conjugated for 1 h at room temperature. The primary and secondary antibodies were diluted 1000-fold and 10 000-fold in 5 % skimmed milk dissolved in TBST, respectively. The image was acquired using an Odyssey CLx (LI-COR) and quantified by a control with quantity 1.
Statistical analysis. SEMs are shown, and statistical differences between groups were analysed with ANOVA. Two asterisks indicate a P value 0.01. Error bars are representative of the SD for three repeats (means±SD; n=3). 
